A model updating approach based on a spectral element model and solved with a particle swarm optimization (PSO) method is proposed to identify the vibration-damping properties of composite materials. In comparison with conventional finite element model updating, a composite beam is modeled in a unified way by using a spectral approach whose computational cost is significantly reduced due to its simplicity. In this way, the dynamic response can be captured accurately by using a very limited number of elements. To identify the material properties, experimental tests are carried out to get the initial parameters that are introduced to initialize the spectral model; then, a model updating process solved with a PSO algorithm is implemented to obtain the real material parameters. It has been demonstrated that the proposed spectral model is a potential tool for model updating and parameter identification.
Introduction
Different experimental techniques have been proposed in the past to identify characteristic parameters of composite materials [1] [2] [3] [4] . Many of them are based on the use of modal parameters of beams obtained from dynamic tests, although sometimes their accuracy needs to be improved for engineering application. Model updating scheme provides the possibility of getting more accurate material properties and performing structural parameter assessment. The purpose of the model updating techniques is to calibrate the discrepancies between numerical simulations and experimental tests. These discrepancies are mainly due to the simplifications introduced in the numerical model in the boundary conditions, material properties, and structural geometry. From experimental results which are considered to be accurate, an initial numerical model (usually finite element model) should be updated in order to achieve a more realistic model for which the differences between the mathematical model and the real structure are minor. To do that, some unknown structural parameters of the numerical model are updated using an inverse procedure [5, 6] . Different approaches have been proposed in the past for this purpose [7, 8] , both noniterative and iterative [9] [10] [11] . The iterative updating strategy, used in this work, is implemented as a constrained optimization problem in such a way that the residuals between experimental data and model predictions are minimized.
An accurate numerical model, whose model parameters should be updated from experimental data, is essential to obtain good predictions. The finite element method (FEM) is the most widely used numerical tool for modeling, although sometimes it requires a high computational cost especially for complex structures. In this sense, a new numerical approach might provide a new perspective for our purpose. A one-dimensional spectral element method (SEM) has been proposed to simulate the mechanic behavior and as damage detection method for composite reinforced concrete beams [12, 13] ; it has shown that the static and dynamic response of the beams can be captured in a simplified way without losing fidelity in comparison with conventional FEM. By using discrete Fourier transform (DFT), the dynamic equations are transformed from time domain to frequency domain for their solution [14, 15] . Unlike FEM that demands a comparable element size according to the wavelength of the required frequency band, one element is enough to capture the highest frequencies when using a spectral model. In the present work, one composite alloy beam on which a composite layer has been bonded is experimentally tested to obtain its natural frequencies and, then, their material properties. These properties will be used to initialize the spectral model which will be subsequently updated by using a PSO algorithm; the accuracy and efficiency of the proposed approach will be demonstrated with the final results.
The main purpose of the present work is to develop a fast and convenient approach able to identify structural parameters based on the standard test code [1] ; therefore, a beam-like structure is used for the study. Unlike the conventional methods, model updating approach has been carried out under a framework of spectral model in which only one element is sufficient to capture the dynamic response of the composite beam as long as the geometrical and material properties of the beam remain uniform. By doing this, more accurate vibration-damping properties of materials can be identified in a simplified way.
Spectral Element Model for Composite Beams
Firstly, a one-dimensional spectral element model able to simulate the dynamic behavior of a composite beam will be implemented herein. Figure 1 shows a layer of a composite material bonded onto the surface of a base beam with the help of an adhesive layer. The three layers, base beam, adhesive layer, and composite material, are used to represent the structure by using compatibility relations. To derive the governing equations, the cross section of the composite beam will be examined. In Figure 1 , the geometrical parameters and represent the length and width of the beam, and ℎ , ℎ ad , and ℎ denote the heights of the composite material, adhesive layer, and base beam, respectively. Since we are interested in the dynamic response, several assumptions were made to simplify the model: (a) the material and geometric nonlinearity will be neglected; (b) the material properties are distributed uniformly along the length of the beam; (c) the transverse displacement remains constant for all the cross section. 0 , , , and , denoting the mid-plane axial displacement, the transverse displacement, the cross-section rotation of the beam, and the interfacial slip, respectively, are used to define the kinematics of the composite beam. According to this, the displacement field can be formulated as follows:
( , , ) = ( , )
where and are the axial displacements in the base beam and the composite layer, respectively. The difference of axial displacement between the top of the base beam, top , and the bottom of the composite layer, bot , is used to represent the interfacial slip, . Furthermore, the bond shear stress can be expressed as
where ad and ad denote the elastic shear modulus and shear strain of the adhesive layer, respectively. It can be observed that a linear behavior of adhesive layer is assumed which simplifies the interfacial mechanism through the adhesive thickness. Based on the kinematic relations and material constitutive model, the governing equations can be obtained by using Hamilton's principle
: 2̈− 10 − 1̈+ 11 0, − 11 , − 22 ,
where ad denotes the elastic shear modulus of the adhesive layer. The coefficients 11 , 11 , 11 , , and are the stiffness coefficients related to the material properties of the base beam and the composite material, and 0 , 1 , 2 , and 0 are related to inertial terms. The associated force boundary equations are formulated as
where ( ) , is double partial differential with respect to and( ) represents double partial differential with respect to time. , , , and * are the boundary forces and moments corresponding to variables 0 , , , and , respectively. The coefficients related to material properties and inertial terms are given as
[
where 1 and 2 are the coordinates of -axis on the bottom and top surfaces of each component ( : base beam; : composite layer) and and denote the density of the two materials, respectively. = (1 + ) represents the complex Young's modulus where denotes the mechanical loss factor. By implementing the fast Fourier transformation (FFT), the solution of the governing equations of motion { } = ( 0 ( , ), ( , ), ( , ), ( , )) can be expressed in a spectral form as follows:
where is the circular frequency at th sampling point and is the frequency index corresponding to the Nyquist frequency in FFT; is the th wave number for the frequency ; {̂} represents the spectral amplitude vector corresponding to the generic displacement vector as a function of ( , ); and {̂ * } = (̂0,̂,̂,̂) represents the wave coefficient vector associated with the th mode of wave for each frequency . As long as the eight wave numbers which correspond to each value of frequency are obtained by solving (6)- (13), the dynamic stiffness matrix of the spectral elements can be formulated at each sampling frequency point. More details about the formulation of spectral element method can be found in [12, 13] .
Parameter Identification Based on SEM
In engineering applications, the natural frequencies of a cantilever beam measured from experimental tests can be used to evaluate the material characteristics based on the ASTM code [1] by using the following equations:
where , , , , and are the elastic modulus, loss factor, density, length, and thickness of the beam, respectively, and and Δ denote the th modal frequency and half-power bandwidth, respectively and is a coefficient for mode . Therefore, Young's modulus and the loss factor of the beam can be evaluated approximately according to (20) - (21) from the natural frequencies experimentally obtained.
According to the standard test procedure specified in ASTM code, the dynamic response of a beam-like structure can be used to evaluate its structural parameters. In this study, only the cantilever beam is investigated. For a nonselfsupported composite material, if it is bonded on the surface of a host beam whose material characteristics have been evaluated previously, the modal information of the integrated composite beam can be obtained by performing a modal test and can be used to determine the mechanical characteristics of the composite material. For it, Young's modulus and the loss factor of damping material can be calculated using the following expressions:
where 1 , 1 , 1 , and 1 are the elastic modulus, the loss factor, the density, and the thickness of the composite layer, respectively, and and denote the elastic modulus ratio, 1 / , and thickness ratio, 1 / , respectively. The coefficients and can be computed as follows:
It should be remarked that the formulas above give only reference values for the material parameters, not real values; because of it, these parameters should be updated conveniently to simulate more suitably the performance of the structure for practical purposes.
According to previous works [7, 8] , the process of model updating can be performed using two alternatives, noniterative and iterative. The former is developed to update the elements of mass and stiffness matrices in one-step procedure with efficient computational cost. However, with this method the structural connectivity is not kept and the updated matrices are not physically meaningful which limits 4 International Journal of Polymer Science its applicability. The iterative updating method is proposed as a constrained optimization problem in such a way that the residuals between experimental data and model predictions are minimized. The selection of the updating parameters, the objective function, and the optimization algorithm are essential for the good performance of the method. The updated model can also be interpreted according to the calibrated parameters; thus, the iterative approach has become mainstream in the field of model updating.
In this work, an iterative methodology is adopted to update suitably the parameters. To perform it, the parameter values computed with the formulas shown above are used to construct the initial numerical model. Then, the parameters and, therefore, the numerical model are updated using results from experimental tests. For it, an optimization procedure formulated from the minimization of the discrepancies between experimental tests and numerical results is solved. In this way, as a result, it is expected that the updated material parameters will represent more suitably the dynamic behavior of the real structure.
To carry out the model updating process, Young's modulus and the loss factor of the base beam (subscript ) and the composite layer (subscript ) are selected as the updating parameters using the following formulation:
where the superscript * means the initial value evaluated according to (20) -(23). By updating the parameters 1 , 2 , 3 , and 4 , whose values are between −1 and 1, the complex elastic modulus = (1 + ) of both base beam and composite layer would be updated during each iteration. Additionally, the selection of the objective function is another key issue of the model updating process; output parameters sufficiently sensitive to the mechanical characteristics of the structure should be used to quantify the differences between numerical and experimental results. Hence, modal parameters, which can be obtained easily, are used herein to construct the formulation of objective function. The objective function shown in (28) has been widely used in model updating [16, 17] and has been adopted in this work
where exp and num denote the th experimental and numerical natural frequencies, respectively, and is the number of frequencies used in the objective function.
Once the objective function procedure has been stated, the selection of a suitable optimization algorithm plays an important role in the model updating process. Recently, the particle swarm optimization (PSO) evolutionary algorithm [18, 19] has gained increasing interest for its application in a model updating method [20] . The optimization process of PSO is carried out by searching solutions in a stochastic way, and it does not require continuity and differentiability of the objective functions compared with deterministic optimization methods such as gradient-based methods and Newton's method. Besides, conventional optimization approaches usually cannot find global optimum solutions if several local optimum points are distributed over the search space, while this disadvantage can be overcome due to the excellent performance of global searching of PSO algorithm. The relative simplicity, the fast convergence, the few parameters to be adjusted, and the population-based feature have made PSO a high competitor in solving single and multiobjective problems when compared to other methods.
The updating parameters of the material properties in (26)-(27) are used to construct each particle of the PSO method as follows:
In order to find suitable particles over the search space, the constraints of the optimization problem are expressed as follows:
The optimum solutions are obtained by using PSO algorithm which aims to find the minima min of the objective function defined in (28). upp and low are the upper and lower bounds of which equal 1 and −1, respectively.
PSO is initialized with a swarm of random particles and then, using an iterative procedure, the optimum is searched for. For every updating cycle , each particle is updated such that it tries to emulate the global best particle, known as , found so far in the swarm of particles, and the best solution, known as , found so far by particle ; that is, the number of particles agrees with the number of particles in the swarm. To perform this, self-updating, equations are used as follows:
where V is the particle velocity, is the current position of particle , is an inertia coefficient balancing global and local search, 1 and 2 are random numbers in [0, 1], and 1 and 2 are the learning factors which control the influence of and on the search process. Usually, values equal to 2 are suggested for 1 and 2 for the sake of convergence.
The inertia weight is an important factor for the PSO's convergence. It controls the impact of the previous history of velocities on the current velocity. A large inertia weight factor facilitates global exploration while a small weight factor facilitates local exploration. Therefore, it is advisable to choose a large weight factor for initial iterations and gradually International Journal of Polymer Science reduce the weight factor in successive iterations. This can be done by using
where max is the initial weight, min is the final weight, iter max is the maximum iteration number, and iter is the current iteration number. During the model updating procedure, the numerical model should be solved repeatedly to evaluate the structural response for each particle in each iteration; hence, the combination of the PSO algorithm and the model updating method would increase computational cost significantly. However, this disadvantage can be overcome due to the simplicity of proposed spectral approach, since only one spectral element is sufficient for numerical simulation as long as the continuity of material and geometry remains uniform. Compared to the conventional FEM, the computational cost is dramatically reduced since the spectral approach is used. Figure 2 shows the flowchart corresponding to the implementation of the procedure. First of all, experimental tests are carried out to obtain the natural frequencies exp . Then, the material properties, * and * , of the composite layer and the based beam will be estimated by replacing the tested data into (20)-(23). The spectral numerical model is initially established using the material properties estimated in the previous step. Subsequently, the natural frequencies num are numerically evaluated and will be used to match experimental results according to the objective function of (28). The numerical model will be updated by changing the material properties in such a way that the objective function is iteratively minimized. By doing this, the structural parameters are finally identified as long as minimization of the objective function is reached by combining the proposed 
Experimental Tests
To evaluate the validity and effectiveness of the proposed approach, some experimental tests were carried out to extract the modal information of an alloy cantilever beam and a composite beam bonded with composite material. The length, width, and thickness of the alloy beam are 230.0, 9.5, and 2.0 mm, respectively. The composite material used in this study is one kind of typical rubber which is nonself-supported. Hence, the composite layer has been bonded on a base beam of dimensions 230 × 9.5 × 2.2 mm 3 in order to evaluate its material properties according to the ASTM standard vibration testing [1] . Table 1 summarizes the geometrical properties of both specimens. By assuming that the material and geometrical properties are distributed uniformly from the root to the free end of the beam, the beam-like structure can be modeled using the simplified method proposed in Section 2.
It is clear that an inadequate alloy beam-composite layer bonding would cause unexpected errors during the evaluation. To avoid this problem, the adhesive layer must be strong enough to ensure a perfect bond performance between the composite layer and the base beam. In this study, an epoxy resin adhesive with shear strength of 27 MPa was deployed in order to bond fully the composite layer and the base beam, so the tested specimen can be treated as an intact beam. Besides, as the vibration amplitude on the specimen is usually performed at a very low level during the standard test, the influence of the adhesive on the evaluation of the composite material can be neglected.
The test was carried out following the ASTM code [1] . The experimental setup is shown in Figure 3 . The tested specimen was clamped by a massive vice fixed on the ground, and a noncontacted shaker (JZ-2A) was applied on the centroid of the beam section at the free end of the specimen to excite it transversely. A random signal was generated by the shaker whose head is integrated with an impedance head (B&K 8001) to measure the referenced signal of the force. Furthermore, a noncontact eddy current displacement sensor (SJ3-2) was located on the centroid of a beam section close to the clamped end of the beam in such a way that the transverse displacement excited by the shaker could be measured removing the influences of the torsional and axial modes. The collected signatures of the displacement and the force were analyzed to obtain the FRF of the specimen by using a B&K Pulse multianalyzer (B&K 3560B). As shown in Figure 4 , it should be noticed that both the shaker and sensor were applied in a noncontacted way; hence, their mass and inertia could be neglected during the experimental test.
From the frequency spectra of the base beam and the composite beam (Figure 5 ), the first five natural frequencies associated with the transverse mode shapes were extracted from the peak points (Table 2 ).
Results
Once the natural frequencies have been obtained experimentally, Young's modulus and the loss factor of the base beam and the composite layer can be obtained from each natural frequency by using (20)- (25). The results are shown in Figure 6 . The averaged values of the material properties will be used as initial parameters of the spectral model to be updated (Table 3) .
International Journal of Polymer Science 7 As no discontinuities are assumed along the length of the beam and, therefore, the cross section remains unchanged, only one spectral element is used to get the dynamic response of the structure in the frequency domain. The elastic modulus and the loss factor in (26)-(27) will be updated using the parameters in (29) during the PSO iterations. Finally, the assumed real structural properties are those once the convergence of the procedure has been reached which occurs when the objective function tends to zero. Figure 7 shows the convergence of the objective function during the updating process. It can be noticed that the objective function converges quickly which is mainly due to the excellent performance of the PSO method and the simplicity of the implemented spectral model. Figure 8 shows the frequency response functions computed from the end transverse displacement of the composite beam under a unit excitation force (unit impulse) before and after updating the material parameters. The difference between both functions and the importance of the updating Table 4 shows the comparison between the first five experimental and numerically updated natural frequencies. Table 5 shows the updated material parameters of the base beam and the composite layer once the convergence of the optimization procedure has been reached. From the comparison between Tables 3 and 5 , a difference of 39.2% exists between the initial composite elastic modulus and the updated one. It demonstrates the importance of the procedure as a means to update the values computed using (20)-(23) in spite of the uncertainties associated with the experimental tests. Additionally, Figure 9 shows the error between the experimental natural frequencies and the numerical ones before and after updating. The error has been reduced significantly after updating leading to a similar dynamic behavior between the real structure and the simulated one; in this way, the updated material properties can be recognized to be very close to the real ones. Therefore, the capability of the proposed spectral approach for model updating and parameter identification is validated.
Conclusions
Research on identification of composite material properties by using a spectral model and a model updating methodology has been carried out. The conclusions are drawn according to the results of the presented work as follows:
(1) The spectral element model is derived by using DFT which transforms displacement field equations from the time domain to the frequency domain, and the results show that the proposed model is a promising numerical tool to capture the structural dynamic response accurately.
(2) The proposed spectral approach is one-dimensional since only one element is enough to obtain the dynamic response as long as the geometrical and material properties remain constant. Thus, the computational cost of the numerical simulation can be released significantly due to its simplicity and efficiency.
(3) Experimental tests were carried out to get the natural frequencies of a composite beam from which their material properties were approximately defined based on the ASTM code. These values were used to initialize the spectral model which was updated by applying a PSO algorithm. The final results show that the composite material properties were identified as suitable which demonstrates the power and efficiency of the proposed spectral model and the model updating strategy for parameter identification.
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